Autophagy, fundamentally a lysosomal degradation pathway, functions in cells during normal growth and certain pathological conditions, including starvation, to maintain homeostasis. Autophagosomes are formed through a mechanism that is not well understood, despite the identification of many genes required for autophagy. We have studied the mammalian homologue of Atg9p, a multi-spanning transmembrane protein essential in yeast for autophagy, to gain a better understanding of the function of this ubiquitious protein. We show that both the N-and C-termini of mammalian Atg9 (mAtg9) are cytosolic, and predict that mAtg9 spans the membrane six times. We find that mAtg9 is located in the trans-Golgi network and late endosomes and colocalizes with TGN46, the cation-independent mannose-6-phosphate receptor, Rab7 and Rab9. Amino acid starvation or rapamycin treatment, which upregulates autophagy, causes a redistribution of mAtg9 from the TGN to peripheral, endosomal membranes, which are positive for the autophagosomal marker GFP-LC3. siRNA-mediated depletion of the putative mammalian homologue of Atg1p, ULK1, inhibits this starvation-induced redistribution. The redistribution of mAtg9 also requires PI 3-kinase activity, and is reversed after restoration of amino acids. We speculate that starvation-induced autophagy, which requires mAtg9, may rely on an alteration of the steadystate trafficking of mAtg9, in a Atg1-dependent manner.
Introduction
During amino acid deprivation cells upregulate autophagy, self-digestion, to maintain their amino acid pools and protein synthesis. Autophagy, required for cell survival under both basal and stress conditions, is involved in the control of embryonic and early postnatal development, neurodegenerative diseases, and tumourigenesis (Klionsky, 2005) . Autophagy is executed by autophagosomes (also called autophagic vacuoles, AVs). AVs are double or multiple lamellar vesicles containing sequestered cytosol, including organelles. Newly-formed AVs, or immature autophagosomes (AVis), fuse with vesicles of the endosomal/lysosomal system, becoming degradative AVs (AVds) and autolysosomes. Under starvation conditions, degradation of the AV provides amino acids to allow the cell to maintain protein synthesis.
The source of the AV membranes in mammalian cells is controversial: some studies (Dunn, Jr, 1990; Ericsson, 1969; Novikoff and Shin, 1978; Ueda et al., 1991) have identified endoplasmic reticulum (ER) proteins on the AVi, others detected Golgi membrane proteins (Locke and Sykes, 1975; Yamamoto et al., 1990) . The unusual morphological properties of AVs has also led to the hypothesis that these membranes are derived from a unique type of membrane, called a phagophore (Seglen et al., 1990) , or isolation membrane ). An equivalent structure has been identified in yeast, the pre-autophagosomal structure or PAS (Kim et al., 2002; Suzuki et al., 2001) .
Many of the genes now known to be involved in autophagy were originally identified in independent screens for autophagy-defective mutants in S. cerevisiae (Thumm et al., 1994; Tsukada and Ohsumi, 1993) and are now called AuTophaGy (ATG) genes (Klionsky et al., 2003) . Interestingly, there is only one characterized yeast ATG gene, ATG9, which is predicted to encode a transmembrane protein. ATG9-deficient yeast had no obvious growth defects on rich media but, like other mutants with a defect in autophagy, exhibited a reduced survival rate and reduced total protein turnover during starvation (Lang et al., 2000; Noda et al., 2000) .
As the only transmembrane protein so far required for autophagy in yeast, the intracellular localization of Atg9 has provided information about the origin of the PAS in yeast, and should help identify the origin of the AV membrane in mammalian cells. In growing yeast, Atg9p is found on punctate, peri-vacuolar structures, which did not co-migrate with known markers on a sucrose-density gradient (Noda et al., 2000) . Recent data suggests that at least part of this pool is localized on discrete regions of mitochondria (Reggiori et al., 2005) . After starvation, Atg9p was found on the PAS and colocalized with the Atg1p complex (Kim et al., 2002) . Interestingly, Atg9p was not found on completed AVs (Noda et al., 2000) , and is thought to be recycled from the PAS to peripheral, non-PAS membranes. This recycling was shown to be impaired in ATG1-deficient cells, causing Atg9p to accumulate at the PAS (Reggiori et al., 2004) . These data have led to the suggestion that the ability of Atg9p to recycle from the PAS to a peripheral pool is an important aspect of Atg9p function in autophagy in yeast.
As a first step towards understanding the function of Atg9 in mammalian cells, we have identified and characterized mammalian Atg9 (mAtg9) under both normal growth conditions and starvation. We show that mAtg9 is a polytopic multi-spanning membrane protein, with both termini in the cytoplasm. Endogenous mAtg9 is found both on juxta-nuclear TGN membranes and late endosomes. After starvation, the juxta-nuclear TGN46 colocalized pool of mAtg9 is diminished, leaving a dispersed peripheral pool. This pool of mAtg9 colocalizes with Rab7 and the AV marker GFP-LC3. The change in distribution of mAtg9 after starvation is inhibited by small interference RNA (siRNA)-mediated depletion of ULK1 (the putative mammalian orthologue of Atg1), resulting in retention of the juxta-nuclear pool of mAtg9. Treatment with inhibitors of phosphatidylinositol 3-kinase (PI 3-kinase) also blocked the starvation-induced redistribution of mAtg9. Finally, upon re-addition of amino acids, mAtg9 recycled back to the juxta-nuclear region. Interestingly, under all the conditions we studied, the cation independent mannose-6-phosphate receptor (CI-MPR) distribution was affected in a similar way to mAtg9. Our results suggest that in mammalian cells mAtg9 traffics to and from the TGN and late endosomes. We speculate that either the ability of mAtg9 to undergo this trafficking step or the actual machinery involved in trafficking to and from the TGN to endosomes plays a role in starvationinduced autophagy.
Results

Identification of mAtg9
Using bioinformatics we identified a putative human homologue of yeast Atg9p (supplementary material Fig. S1A ), that is identical to the recently described APG9L1 (Yamada et al., 2005) . Following the agreed nomenclature for genes involved in autophagy (Klionsky et al., 2003) , we refer to APG9L1 and the rat homologue as mAtg9. Northern blot analysis shows that the human Atg9 mRNA is enriched in skeletal muscle, heart and placenta (supplementary material Fig. S1B ), consistent with the distribution of APG9L1 (Yamada et al., 2005) . Alignment of the mAtg9 sequence with homologues from other organisms revealed that the central region of the protein, containing between three and five predicted transmembrane domains (TMDs), is highly conserved (supplementary material Fig. S2 ). Outside this region, the position of two additional predicted N-terminal TMDs is also well conserved. Finally, there are four potential sites for N-linked glycosylation (see Fig. 1A , supplementary material Fig. S1A ).
Characterization of mAtg9 in HEK293 cells
Antibodies specifically recognizing the N-or C-termini of both human and rat mAtg9 (Fig. 1A) were used to characterize the subcellular localization of endogenous mAtg9 in HEK293 cells (Fig. 1B) . Although both epitopes are conserved in rat and human they are not found in the homologous protein APG9L2 (Robb et al., 2004) . Both the N-and C-terminal specific antibodies recognise a 105 kDa protein in HEK293 cell lysates, which is lost upon targeted siRNA knockdown (supplementary material Fig. S3 ). Both antibodies labelled juxta-nuclear and peripheral structures (Fig. 1B) , although the relative intensity of the mAtg9 signal in the two populations varied between cell lines. An HA-tagged mAtg9 displayed a similar localization in cells expressing low levels of the transfected protein (Fig. 1C) . siRNA-mediated depletion of endogenous mAtg9 reduced both the peripheral and juxta-nuclear pools to below detection levels (supplementary material Fig. S3 ).
Topology of mAtg9
Topology prediction algorithms identify 5 to 7 TMDs within mAtg9, whilst a cross species analysis shows that 6 of the putative TMDs are highly conserved (supplementary material Fig. S2 ). To define the topology of mAtg9, we first exploited the presence of 4 potential sites for N-linked glycosylation within the polypeptide. Two of these sites are between TMD1 and TMD2, the next between the TMD2 and TMD3, while the fourth is in the C-terminal domain (see Fig. 1A ). We treated lysates from HEK293 cells with glycosidases PNGaseF and EndoH and found that endogenous mAtg9 contains complex N-glycans (Fig. 1D) . To identify the glycosylation sites used, we systematically mutated the candidate residues N99, N224, and N507 to D (note, N129 is too close to a TMD to be a likely candidate for N-glycosylation), and expressed HA-tagged wild-type and mutant proteins in HEK293 cells (Fig. 1E) . Like the endogenous protein, the HA-tagged wild-type protein was sensitive to PNGaseF (Fig. 1E, lanes 1 and 2) . Mutation of N99 abolished the glycosylation and only the ~80kDa nonglycosylated form was seen (Fig. 1E, lanes 3 and 4) . Mutation of N224 and N507 resulted in a wild-type behaviour (Fig. 1E , lanes 5 and 6). The triple mutant was not glycosylated (Fig.  1E , lanes 7 and 8). Since N99 is N-glycosylated, we conclude that the first loop of mAtg9 is translocated into the lumen of the ER, suggesting that the N-terminus of the protein is in the cytosol.
To confirm this and to investigate the topology of the other TMDs, we performed in vitro synthesis experiments. We used an N-terminal 183 aa fragment of the wild-type and N99D mAtg9 because these contained the only utilized N-linked glycosylation site, and the shorter fragment facilitated the analysis of the topology of the N-terminus. When these fragments were synthesized in the presence of [
35 S]-methionine and ER microsomes, the wild-type fragment generated two products, the larger of which was sensitive to Endo H and, hence, N-glycosylated (Fig. 1F, lanes 1 and 2) . The N99D mutant was not glycosylated (Fig. 1F, lanes 3 and  4) . Likewise, in vitro analysis of the full-length proteins showed that all of the mutants, except N99, resembled the wildtype (wt) protein (data not shown). We conclude that only N99 is glycosylated both in vitro and in vivo.
To determine whether the N-and C-termini of mAtg9 are lumenal or cytosolic, protease protection experiments were performed with both the N-terminal fragment (Fig. 1G ) and the full-length protein (Fig. 1H) . Proteinase K treatment of ER microsomes without or with Triton X-100 after in vitro synthesis of the 183 aa truncation fragment, followed by immunoprecipitation using the N-terminal anti-Atg9 (215) antibody, resulted in no detectable bands at ~30 kDa (Fig. 1G , lanes 5 and 6) compared with controls (Fig. 1G, lane 1 and 4) . Thus, the N-terminus of mAtg9 was degraded upon protease digestion of the membrane-integrated N-terminal fragment (Fig. 1, Model A) . This result confirms that TMD1 is a bona fide TMD and that the N-terminus of the protein is cytosolic. Likewise, whereas full-length mAtg9 synthesized in a cell-free system was immunoprecipitated by the C-terminal-specific anti-Atg9 (219) antibody (Fig. 1H , lane 1), no membranedependent fragment was found to be protease protected and specifically recognised by this antibody (Fig. 1H , lanes 2-3). An ~40 kDa C-terminal fragment should be protected from proteinase K digestion without detergent if the C-terminus was in the ER lumen, but only limited digestion products were detected (Fig. 1H, lane 2) . We therefore conclude that the Cterminus of mAtg9 is cytosolic (Fig. 1H, Model A) .
A live-cell imaging assay was used to confirm the orientation of the N-terminus of mAtg9 in vivo (Lorenz et al., 2006) . NRK cells were co-transfected with an ER transmembrane protein containing a lumenal YFP and cytosolic CFP tag, and monomeric RFP (mRFP) tagged to the N-terminus of mAtg9. Both the YFP and CFP fluorescent signals can be detected in the ER ( Fig. 2A ). mRFP-mAtg9 shows a peri-nuclear localization but can also be detected in the ER, consistent with some of the N-terminally tagged mAtg9 protein being retained in the ER at higher expression levels. When transfected cells were treated with digitonin under conditions which permeabilize the plasma membrane and leave other intracellular membranes intact, all three fluorescent signals were detected (Fig. 2B ). Subsequent trypsin digestion of the protein domains on the cytosolic face of the membranes reduced the fluorescence of both the cytosolic CFP-ER marker and the N-terminal mRFP tag on mAtg9, but not the YFP tag (Fig. 2C) . A C-terminal mRFP fusion with mAtg9 was distributed abnormally compared with the endogenous protein and was not further analysed. The ER accumulation and abnormal distribution of the overexpressed N-and C-terminal tagged mAtg9 in these and other cell lines precluded a detailed analysis of the trafficking of tagged mAtg9 by cell imaging techniques. Nonetheless, this experiment provides a direct demonstration that in vivo the N-terminus of mAtg9 is located in the cytosol, in agreement with both the glycosidase and in vitro synthesis experiments. Our data, taken together with the topology prediction algorithms predictions, support a model where mAtg9 spans the membrane six times, with both N-and C-termini located in the cytosol. We predict that TMD 1 and 2 and TMDs 4-7 (see Fig. 1 , supplementary material Fig. S2B ) are genuine TMDs and that the putative TMD3 is not in the membrane.
mAtg9 localizes to the trans-Golgi network
To clarify the subcellular localization of mAtg9, we compared the endogenous mAtg9 distribution to the ER-specific marker protein disulfide isomerase (PDI), the ER-Golgi-intermediate compartment (p58) and the Golgi complex (Fig. 3 ). As shown in Fig. 1 , the endogenous protein has complex EndoH-resistant glycans indicating transit through the medial and trans-Golgi complex. Whereas PDI showed little colocalization with mAtg9, there was partial colocalization with p58 (data not shown). In addition, mAtg9 showed greatest colocalization with the trans-Golgi network marker TGN46 (Fig. 3C ), although partial colocalization with the medial Golgi marker GM130 was detected (Fig. 3A) . Nocodazole perturbation of the Golgi complex results in the formation of mini-stacks, altering the distribution of both GM130 and TGN46 (Turner and Tartakoff, 1989) . After nocodazole treatment, GM130, TGN46 and mAtg9 dispersed throughout the cell (Fig. 3B,D) , and mAtg9 showed better colocalization with TGN46 than with GM130 in the dispersed mini-stacks (Fig. 3 , compare insets in D with B). Localization of mAtg9 to the Golgi was confirmed by immunogold labelling in HEK293 cells with anti-GM130 and mAtg9 antibodies (Fig. 3E) . Whereas GM130 labelled the Golgi cisternae, mAtg9 was found on the edges of the Golgi cisternae and, occasionally, on vesicles close to the Golgi complex, which -based on its colocalization with TGN46 -might represent TGN membranes. Additional support for localization of mAtg9 on TGN membranes was obtained using subcellular fractionation to purify a stacked Golgi fraction from rat liver (Slusarewicz et al., 1994) . Importantly, TGN membranes are largely separated from Golgi membranes by this procedure, being only present at 10-15% of their original level (Nakamura et al., 1995) . Using this strategy, we found mAtg9 partitions with TGN38, but not mannosidase II (a marker for cis-and medial-Golgi) or p58 (supplementary material Fig. S4 ).
mAtg9 is present in late endosomes
Having shown that the juxta-nuclear pool of mAtg9 overlaps with TGN membranes, we addressed the identity of the peripheral mAtg9 pool. We reasoned that the compartment might be endosomal because many TGN proteins, including the CI-MPR, cycle between the TGN and endosomes.
We fractionated early and late endosomes from rat liver At the concentration used, digitonin permeabilized the plasma membrane but not the ER. Lumenal YFP on the N-terminus of HLA-A2 was protected from the trypsin, but the C-terminal CFP and the mRFP on the N-terminus of mAtg9 were degraded by the trypsin and are therefore cytosolic. All images were captured using identical imaging parameters. (Ellis et al., 1992 ) and compared the distribution of mAtg9 and other markers across the gradient (Fig. 4A ). We used horseradish peroxidase (HRP)-conjugated biotin -internalized for 10 minutes and chased for 20 minutes -to identify late endosomes, which are found in fractions 22-25. Early endosomes identified by EEA1 are found in fractions 23-27. CI-MPR is found in fractions that partially overlap with HRPbiotin as well as in denser fractions. mAtg9 co-fractionates with the internalized HRP-biotin but it is also found in heavier fractions containing CI-MPR and TGN38-positive membranes (Fig. 4A) .
To further characterize the peripheral pool of mAtg9, we compared the distribution of mAtg9 with markers for early and late endosomes by indirect immunofluorescence in HEK293
Journal of Cell Science 119 (18) cells. We confirmed the colocalization of mAtg9 with CI-MPR in a juxta-nuclear and peripheral region (Fig. 4B) , and the lack of colocalization with markers for early endosomes or lysosomes (EEA1 and LAMP2, respectively; data not shown). Cryo-immunogold labelling of HEK293 cells additionally demonstrated the presence of mAtg9 on late endosomes, identified by the presence of internalized 6-nm bovine serum albumin (BSA)-conjugated-gold and the CI-MPR (Fig. 4C) .
We next asked whether mAtg9 colocalized with the smallGTPase proteins Rab4, Rab5, Rab6, Rab7, Rab9 and Rab11. GFP-fusions of the early endosomal Rab proteins, GFP-Rab4, GFP-Rab5 and GFP-Rab11 (Sonnichsen et al., 2000) , showed no colocalization with mAtg9 (data not shown). As expected, GFP-Rab6, localized to the peri-nuclear TGN region (Goud et al., 1990) , showed good colocalization with mAtg9 (Fig. 5A ). Both GFP-Rab7 and GFP-Rab9, which localize to distinct populations of late endosomes (Barbero et al., 2002) , showed an overlap with mAtg9 (Fig. 5B,D) . In addition, we found good colocalization between endogenous Rab7 and Rab9, and mAtg9 ( Fig. 5C,E) . Note, endogenous Rab7 was detected after pre-permeabilization with low concentrations of saponin. The colocalization of Rab7, Rab9, and CI-MPR with mAtg9 suggests that a population of mAtg9 is present on late endosomes. Thus, our data indicate that mAtg9 is present in two locations, the TGN and late endosomes, and we suggest mAtg9 cycles between these compartments. mAtg9 colocalizes with GFP-LC3 and Rab7 after starvation Although it has been demonstrated that siRNA depletion of Atg9L1 inhibits the appearance of GFP-LC3-positive dots during a 24-hour starvation period (Yamada et al., 2005) , it is not known how the localization of the endogenous mAtg9 is affected by starvation, or whether mAtg9 localizes to AVs. In yeast, Atg9 was not found on AVs accumulated in the vacuole in Pep4-deficient strains (Lang et al., 2000; Noda et al., 2000) . We starved HEK293 cells stably expressing GFP-LC3 (Köchl et al., 2006) for 2 hours in Earle's saline (ES) to stimulate the formation of AVs, and looked at colocalization of endogenous mAtg9 and GFP-LC3 (Fig. 6A) . During starvation there was a significant loss of the juxta-nuclear mAtg9 signal, an increased colocalization with Rab7, as well as the appearance of mAtg9, GFP-LC3-positive structures (Fig. 6A) . Quantification revealed that 45% of the GFP-LC3-positive structures contained mAtg9 (Table 1) , although the amount of mAtg9 localized with GFP-LC3-positive structures was low (7%). The colocalization of endogenous mAtg9 with GFP-LC3 is consistent with recent data, showing that overexpressed mAPG9L1-DsRed2 colocalized with GFP-LC3 after 24 hours of starvation (Yamada et al., 2005) .
AVis are not Rab7-positive and do not contain degradative enzymes, whereas AVds have acquired both Rab7 and degradative enzymes (Gutierrez et al., 2004; Jager et al., 2004) .
We found that, after 2 hours starvation approximately 50% of the GFP-LC3-positive AVs were also positive for Rab7, indicating that about half of the GFP-LC3-positive structures are AVds. However, of the structures that were double positive for mAtg9 and Rab7 (30%) only 7% at most contain GFP-LC3 (Table 1) . mAtg9 knockdown by siRNA, which resulted in a greater than 90% loss of mAtg9 (supplementary material Fig. S3 ), resulted in a modest decrease in the conversion of GFP-LC3-I by lipidation to GFP-LC3-II during starvation -a robust read-out for autophagy (Mizushima, 2004) (Fig. 6B) -and a statistically significant decrease in long-lived protein degradation (Fig. 6C) . However, loss of mAtg9 to levels below detection did not result in a complete absence of GFP-LC3-positive puncta after 2 hours of starvation (data not shown). Thus, from our quantitative colocalization analysis, our data on the inhibition of protein degradation after siRNA depletion and previously published data (Yamada et al., 2005) , we conclude that mAtg9 is found on both GFP-LC3-positive AVis and AVds, and is required for autophagy. mAtg9 trafficking is altered during starvation In S. cerevisiae, after nitrogen starvation, Atg9p cycles to the PAS from a dispersed peripheral pool (Kim et al., 2002; Noda et al., 2000) that has been recently suggested to be mitochondrial (Reggiori et al., 2005) . Since we have demonstrated Golgi and also endosomal pools of mAtg9, we hypothesized that mAtg9 cycles between TGN and endosomes, and that this recycling could be affected by starvation. Indirect immunofluorescent labelling of mAtg9 in HEK293 cells incubated in ES medium (Fig. 7B) confirmed that the juxta-nuclear mAtg9 signal largely disappeared compared with unstarved cells (Fig. 7A ) and the peripheral signal remained.
After starvation, we noted that the extent of colocalization of mAtg9 with CI-MPR (Fig. 7B) did not decrease in a similar way as compared with TGN46 (Fig. 7E) . Rather, the distribution of CI-MPR also appeared to be slightly affected by the incubation in ES medium. An alternative method of inducing autophagy is by treatment with rapamycin which inhibits TOR (target of rapamycin), a negative regulator of autophagy (Noda and Ohsumi, 1998) . Treatment of HEK293 cells with rapamycin for 2 hours Fig. 4 . mAtg9 is present on late endosomes. (A) Western blots of fractions from an endosome preparation gradient from rat liver using antibodies for EEA1 (early endosomes), mAtg9, CI-MPR, TGN38 (TGN), p58 and PDI (ER). To label late endosomes, HRP-biotin was internalized by perfusion for 10 minutes followed by a 20-minute chase before homogenization. HRP-biotin was detected using ExtraAvidin-HRP. Signals were quantified by densitometry, performed using ImageJ. in full medium (FM) caused the redistribution of mAtg9 away from the juxta-nuclear region (Fig.  7C) . The distribution of CI-MPR but not TGN46, was also affected by rapamycin (Fig. 7C and data not shown). In both, ES and FM supplemented with rapamycin, the extent of colocalization of mAtg9 and CI-MPR was similar to the unstarved controls.
Autophagy is inhibited by PI 3-kinase inhibitors (Blommaart et al., 1997) . Therefore, we treated cells during starvation with LY290042, and asked whether the starvation-induced redistribution of mAtg9 was inhibited. As shown in Fig. 7D ,F, mAtg9 dispersion was inhibited resulting in an increased colocalization with TGN46, whereas there was no change in the colocalization with CI-MPR. Both mAtg9 and CI-MPR in cells kept in ES medium with LY294002 ( Fig. 7D ) resembled that seen in cells kept in FM (Fig. 7A) . Treatment of unstarved HEK293 cells with LY290042 had no effect on the steady-state localization of mAtg9 or CI-MPR (data not shown).
Lastly, because we hypothesized that the peripheral population of mAtg9 was derived from the juxta-nuclear pool, we tested whether readdition of amino acids after starvation and in the presence of cycloheximide, could recover the juxta-nuclear pool of mAtg9. Two hours after readdition of FM (Fig. 7G) , we found an increased colocalization of mAtg9 with TGN46 compared with starvation (Fig. 7E) . These data support our hypothesis that the mAtg9 is cycling between the juxta-nuclear TGN region, and a peripheral endosomal region, and this cycling is perturbed by starvation and rapamycin treatment in a PtdIns 3-kinase sensitive manner. mAtg9 trafficking is dependent on mAtg1 (ULK1) To elucidate whether the starvation-dependent redistribution of mAtg9 reflected an autophagyspecific signal, we employed a knockdown screen of several mammalian ATG genes and asked whether mAtg9 redistribution could be inhibited. Since S. cerevisiae Atg9p (ScAtg9p) retrieval from the PAS depends on ScAtg1p (Reggiori et al., 2004) it seemed likely that knockdown of the putative mammalian Atg1 homologue might affect mAtg9 cycling. HEK293 cells were treated with siRNA duplexes specific for human ULK1 (mAtg1), mAtg5, Beclin1 (mAtg6), mAtg7, mAtg12. After 72 hours, siRNA-mediated depletion of mAtg5 and Beclin1 was confirmed by western blot (data not shown). Depletion of ULK1 and mAtg7 was confirmed by a reduction in GFP-LC3-II and reverse transcriptase (RT)-PCR (supplementary material Fig.  S5 and data not shown).
In starved HEK293 cells, depletion of ULK1 inhibited the redistribution of mAtg9 from the TGN46-positive juxtanuclear region to the peripheral pool, resulting in a distribution Journal of Cell Science 119 (18) comparable with unstarved controls (Fig. 8C) . Importantly, there was no discernible change in TGN46 distribution after ULK1 knockdown and starvation. ULK1 belongs to a family of relatively uncharacterized serine/threonine kinases including ULK2, the next closest member of this family to ScATG1. The specificity of ULK1 activity on mAtg9 was . mAtg9 colocalizes with Rab6 on Golgi membranes, and Rab7 and 9 on late endosomes. HEK293 cells were transiently transfected with GFP-Rab6 (A), GFP-Rab7 (B) and GFP-Rab9 (D), then 24 hours later fixed and labelled with the mAtg9 antibody. Cells were also labelled with antibodies to endogenous Rab7 (C) and 9 (E), the inset is an enlargement of the merge to show the peripheral staining. For Rab7 staining, cells were extracted using 0.05% (w/v) saponin before fixation. Bars, 10 m.
examined by knocking down ULK2 (Fig. 8D) . ULK2 knockdown, confirmed by RT-PCR (data not shown), had no effect on the localization of mAtg9. In addition, ULK2 knockdown, or knockdown of other ULK family members, had no effect on induction of autophagy (E.C. and S.T., unpublished data).
siRNA-mediated depletion of the other Atg proteins did not show a dramatic effect on mAtg9. We quantified the effects of the various knockdowns after starvation using colocalization of mAtg9 with TGN46. As shown in Table 2 , approximately 50% of mAtg9 in the juxta-nuclear region colocalized with TGN46 in FM, decreasing to 30% after starvation. ULK1 knockdown under starvation conditions increased the colocalization of mAtg9 with TGN46 to 60%. ULK2, Atg5, Atg7 and Atg12 did not significantly increase the colocalization of mAtg9 with TGN46 after starvation. Although Beclin1 knockdown resulted in a slight increase in the juxta-nuclear colocalization of mAtg9 and TGN46, from 30% to 42%, it did not reach the level of colocalization seen in FM, and was difficult to detect by visual inspection of the cells by confocal microscopy. The degree of colocalization of mAtg9 and CI-MPR remained constant (Fig.  8E-G) , adding further support to the data that the mAtg9 and CI-MPR were affected similarly by starvation and ULK1 knockdown.
Discussion
Localization and topology of mAtg9
We have found that mAtg9 is present on both the TGN and late endosomes, colocalizing with TGN46, CI-MPR, Rab9 and Rab7. The presence of mAtg9 in these two locations suggests that at steady-state, the protein is cycling between these two compartments, and that the localization of mAtg9 is different from ScAtg9, and P. pastoris Atg9 (PpAtg9), where Atg9 was not found on ER, Golgi or endosomes but in a peri-vacuolar region, the PAS, and peripheral membranes (Chang et al., 2005; Lang et al., 2000; Noda et al., 2000) . Recently, Reggiori Images were analysed using the co-localization function of the Zeiss LSM-510 software. Quantification was performed for each cell, using a region of interest, and data are the mean values of 20 cells obtained from two independent experiments, %±s.e.m. Images were analysed using the co-localization function of the Zeiss LSM-510 software. Quantification was performed using a region of interest surrounding the TGN staining and data are the mean values of 10 cells from a representative experiment. et al. demonstrated that some of the ScAtg9-positive peripheral structures are associated with mitochondria, despite the lack of a mitochondrial targeting sequence (Reggiori et al., 2005) . We found no evidence that endogenous or overexpressed mAtg9 was present on mitochondria, in agreement with recent data concerning overexpressed APG9L1 and APG9L2 (Yamada et al., 2005) . However, it cannot be excluded in our cell system that this association is transient and difficult to detect at steadystate or that it is unstable after lysis of cells.
Our data on mAtg9 topology demonstrate that the N-and Ctermini of mAtg9 are localized in the cytosol, and support topology predictions of TopPred II and MemStat that the protein spans the membrane six times. This topology is further corroborated by our finding that mAtg9 contains one N-linked glycan at N99 in the loop between TMD1 and TMD2. Interestingly, several well-characterized motifs (tyrosine and di-leucine motifs) (Bonifacino and Traub, 2003) are present within the cytosolic N-and C-terminal domains and loops, which may bind to clathrin-coat adaptors, including AP-1 and AP-3 (Robinson and Bonifacino, 2001) , and other adaptors, such as TIP47, PACS-1 (Rohn et al., 2000) or the retromer (Seaman, 2005) . Our data suggest that mAtg9 behaves like the well-characterized CI-MPR, recycling between the TGN and the late endosome, thus escaping degradation in the lysosome. Under normal conditions the components and machinery involved in trafficking mAtg9 may be similar to those used for the CI-MPR. The ability of mAtg9 to recycle away from the late endosome/lysosome may be particularly important during starvation (see below).
The normal subcellular distribution of mAtg9 is also very similar to the distribution of WIPI-49 (Jeffries et al., 2004) , a mammalian homologue of Atg18p (Barth et al., 2001; Guan et al., 2001) , a cytosolic protein which binds phosphatidylinisitol (3)-monophosphate [PtdIns(3)P] (Jeffries et al., 2004; Reggiori et al., 2004) . In mammalian cells, WIPI-49 overexpression perturbs the distribution of CI-MPR causing it to accumulate in the peri-nuclear region, suggesting it acts as a regulatory component. In S. cerevisiae, Atg18p and Atg9p interact in an Atg1p-and Atg2p-dependent manner (Reggiori et al., 2004) . It is not known whether mAtg9 and WIPI-49 interact; however, we have observed a similar perturbation of CI-MPR localization following overexpression of mAtg9 (data not shown). This suggests that mAtg9 and WIPI-49 functions in the same transport step between the TGN and late endosomes.
Trafficking of mAtg9 after starvation In S. cerevisiae Atg9 is required for autophagy and, therefore, it was anticipated the mammalian homologue is required for autophagy too. Indeed, data from Yamada et al. support this hypothesis because siRNA knockdown of ATG9L1 inhibited the appearance of GFP-LC3 spots after 24 hours starvation (Yamada et al., 2005) . Our experiments analysed long-lived protein degradation and GFP-LC3-II appearance after mAtg9-depletion by siRNA, and further support the data of Yamada et al. (Yamada et al., 2005) , although we did not observe a reproducible decrease in GFP-LC3 spots. The difference between these results may have to do with the long (24 hours) starvation used by Yamada and co-workers, and remains to be clarified. It has, however, been shown in yeast that there is not an absolute correlation between GFP-Atg8 on the PAS and the level of ScAtg8p-PE (the yeast equivalent of LC3-II), in particular with regard to the phenotype of class C mutants, which includes ScATG9 . Another possible explanation for the lack of decrease in GFP-LC3 spots in our hands is that, like Atg5 (Hosokawa et al., 2006) , only small amounts of mAtg9 may be required for AV formation and this small amount is present in siRNA-treated cells. This possibility can not be currently ruled out.
After starvation, mAtg9 colocalized with GFP-LC3 on both early AVis and late, Rab7-positive AVds. This was unexpected from the data in yeast, which show ScAtg9 is not on AVs accumulating in the vacuole (Lang et al., 2000; Noda et al., 2000) , but is recycling from the PAS (Reggiori et al., 2004) . Our data suggest that, if mAtg9 is recycled, it is recycled from the maturing AVs, probably before it becomes an autolysosome. Alternatively, some mAtg9 might remain on the AVd and be degraded in the autolysosome. Although we have found no evidence for degradation during induction of autophagy in primary rat hepatocytes, which exhibit a robust autophagic response (A.Y., unpublished observations), this requires further confirmation.
siRNA depletion of Atg1 but not Atg5, 6, or 7 affects mAtg9 localization In S. cerevisiae, recycling of Atg9p from the PAS requires Atg1p, Atg2p, Atg18p and the autophagy-specific Vps34 PtdIns 3-kinase complex-I subunit Atg14p (Kihara et al., 2001b) . Depletion of Atg1p and several other Atgs results in an accumulation of Atg9p at the PAS (Reggiori et al., 2004) . Since we have shown after starvation and rapamycin treatment that the juxta-nuclear TGN population of mAtg9 redistributes in a reversible and amino-acid-sensitive manner, we tested the effect of depletion of ULK1 (the mammalian homologue of Atg1) (Yan et al., 1998) on the trafficking of mAtg9. SiRNA depletion of ULK1 resulted in a reproducible inhibition of the redistribution of mAtg9 to the peripheral pool, and an increase in the population of mAtg9 colocalized with TGN46.
Interestingly, depletion of the human homologues of Atg5, Beclin/Atg6 or Atg7 did not significantly inhibit mAtg9 redistribution in starved cells. In agreement with a previous genetic classification, it was anticipated that knockdown of both Atg5 and Atg12 would have no affect on Atg9 localization . However, deletion of Atg7 in P. pastoris has been shown to inhibit movement of PpAtg9 from the peri-vacuolar structures to the sequestering membranes (Chang et al., 2005) . The difference between these and our results could be attributed to the unique nature of the membranes involved in the process of pexophagy, or a difference in the role of Atg9 in selective (pexophagy) autophagy versus nonselective macroautophagy. SiRNA depletion of Beclin1/Atg6 had only a minor affect on the starvation-induced redistribution of mAtg9. In mammalian cells, the type III PtdIns 3-kinase is required for autophagy (Petiot et al., 2000) and Beclin1 is a subunit of this complex (Kihara et al., 2001a) . Recent data suggests this complex is required for autophagy but not other endosomal pathways requiring type III PtdIns 3-kinase (Zeng et al., 2006) . There are several explanations for the lack of effect of Beclin1 depletion on mAtg9, including the possibility that the kinase activity of the type III PtdIns 3-kinase is not affected by Beclin1 depletion. In yeast, deletion of VPS30/Atg6 does not reduce the activity of PtdIns 3-kinase (Kihara et al., 2001a) . By contrast, we observed a strong inhibition of the starvation-induced redistribution of mAtg9 with a PtdIns 3-kinase inhibitor. It has been shown that PtdIns 3-kinase is required for the exit of CI-MPR (Gaffet et al., 1997) . Furthermore, it has been reported that there may be an inhibitor-sensitive endosomal trafficking step, involving CI-MPR, which is not mediated by type III PtdIns 3-kinase (Row et al., 2001) . It remains to be clarified which PtdIns 3-kinase is involved in mAtg9 trafficking, and whether the effect of LY294002 on mAtg9 is related to its constitutive, endosomal cycling or starvation-induced trafficking.
Our data demonstrate that there is an alteration of TGN-toendosome trafficking during starvation, which affects both mAtg9 and the CI-MPR. At present, we cannot distinguish whether the redistribution of mAtg9 reflects the role of mAtg9 in autophagy or a more general effect on membrane trafficking. Starvation of mammalian cells has been reported to attenuate secretion as a result of decreasing transport from the Golgi to the plasma membrane (Shorer et al., 2005) . We also cannot exclude that ULK1 knockdown both in unstarved and starved cells results in accumulation of mAtg9 in a juxta-nuclear region because the target or acceptor downstream compartment is no longer available for delivery of mAtg9.
Conclusion
Since our data suggest the compartment on which the mAtg9 accumulates after depletion of mAtg1 is a juxta-nuclear TGN compartment, by analogy with the yeast model, this site of mAtg9 accumulation would, therefore, be the PAS or the phagophore. We have no data to support or exclude the possibility that this compartment represents the PAS and further data are required to characterize this juxta-nuclear membrane compartment. It is possible that inhibition of mAtg9 exit from the juxta-nuclear compartment results in a block in the delivery of mAtg9 to the PAS that is neither the TGN nor late endosomes, but a transient, and so far unidentified structure.
Our data indicate that inhibition of TGN exit correlates with the inhibition of autophagy and, therefore, we hypothesize that movement of mAtg9 from the TGN to endosomes is required for autophagy. More generally, our data imply a role for Golgi and endosomal trafficking in AV formation. In support of this, Noda et al. proposed that ScAtg9 marks the membrane to be donated to the AV, leading to the completion of the AV (Noda et al., 2000) . Although we do not know whether mAtg9 has an identical function in mammalian cells, we speculate that the TGN-endosome pathway provides components for the production of an AV, and that this provision is mediated by Journal of Cell Science 119 (18) mAtg9. Interestingly, it has been suggested that ScAtg9p selfaggregates and functions in delivery of membrane to the expanding PAS (Reggiori et al., 2005) . Further progress towards understanding the role of mAtg9 in autophagy requires a better understanding of its function in both normal and starved cells.
Materials and Methods
Antibodies and reagents
Anti-mAtg9 peptide antibodies were raised in rabbits against the N-and C-terminal 20 amino acids, affinity purified using standard procedures, and conjugated to Alexa Fluor-488 or Alexa Fluor-555 for double-labelling experiments (Molecular Probes). Rabbit polyclonal: anti-CI-MPR was raised in house (Dittié et al., 1999) . Anti-GFP, anti-Mannosidase II, anti-p58, anti-Rab7, and anti-Rab9 antibodies were kind gifts from T. Hunt (CRUK, London, UK), G. Warren (Yale University, New Haven, CT), J. Saraste (University of Bergen, Norway), A. Wadinger-Ness (University of New Mexico, Albuquerque, NM), and S. Pfeffer (Stanford University, CA), respectively. Commercial antibodies used were: anti-TGN46 (Serotec, UK), anti-actin (Sigma), anti-EEA1, anti-GM130 and anti-LAMP2 (BD Biosciences, USA), anti-HA (Covance, UK), anti-CI-MPR and anti-superoxide dismutase 1 (AbCam, UK), anti-PDI (StressGen, Canada), and anti-TGN38 (Affinity Bioreagents, USA).
Immunofluorescence
HEK293 or HEK293/GFP-LC3 stable (Köchl et al., 2006 ) cells were grown in Dulbecco's modified Eagle's medium (DMEM) 10% foetal calf serum (FCS), fixed using 3% paraformaldehyde (PFA), permeabilized using 0.2% Triton X-100, incubated with primary and subsequently secondary antibodies in 0.2% gelatin and mounted in Mowiol 4-88 (Calbiochem). Slides were examined using a confocal laser scanning microscope (LSM510; Carl Zeiss Inc.) equipped with a 63ϫ/1.4NA plan-Apochromat oil immersion objective lens.
Preparation of endosomes from rat liver
Rat liver endosomes were prepared as described (Ellis et al., 1992) , with the following modifications. The liver was perfused with perfusion buffer (PB; 142 mM NaCl, 6.7 mM KCl, 10 mM Hepes-NaOH pH 7.4) (Seglen, 1976) at 37°C, and HRPbiotin was added and recirculated through the liver for 10 minutes and then chased for 20 minutes with PB into late endosomes before homogenization as described.
Live cell imaging
Monomeric red fluorescent protein (mRFP; a gift from R. Tsien, Stanford, CA) fused to mAtg9 was used for live cell imaging. YFP-HLA-A2-CFP is a chimeric protein tagged on the lumenal face of the ER with YFP and on the cytosolic face with CFP (Lorenz et al., 2006) . NRK cells were co-transfected with YFP-HLA-A2-CFP and mRFP-mAtg9 using Fugene (Roche). 18 hours post transfection cells were placed into KHM buffer (110 mM potassium acetate, 20 mM Hepes, 2 mM MgCl 2 ) and transferred to the microscope. Cells co-expressing YFP-HLA-A2-CFP and mRFP-mAtg9 were visually selected, and confocal imaging parameters were determined. The pre-image was captured, and digitonin added to a final concentration of 0.013% (w/v). After a 2-minute incubation, the post-digitonin image was captured. Trypsin was added to a final concentration of 0.005% and after a 5-minute incubation, the post-trypsin image was captured. All live cell images were captured using identical parameters.
RNAi
siRNA SMART pools or individual duplexes corresponding to ULK1 (NM_003365), Atg5 (NM_004849), Beclin1 (NM_003766), Atg7 (NM_006395) and Atg12 (NM_004707) were purchased from Dharmacon (USA). A single siRNA, sequence GUACAUGAAUUGCUUCUUG was used for mAtg9 (NM_024085) and is designated, ID2. A scrambled version, UACCUUUAGCAUGAUGUGU was used as control siRNA for mAtg9, designed using http://bioinfo.wistar.upenn.edu/siRNA/ siRNA.htm. A non-targeting control Dharmacon SMART Pool was also used. siRNA was used at a final concentration of 25 nM and was transfected into HEK293 cells using Oligofectamine (Invitrogen) according to the manufacturer's instructions. Cells were incubated for 72 hours before manipulation.
Cryo-immunoelectron microscopy
Cryoimmunogold labelling was performed on HEK293 cells. Cells were fixed in 4% PFA in 0.1 M Sörensen's buffer (pH 7.4). and processed as previously described (Köchl et al., 2006) . Cells were labelled with anti-GM130, mAtg9 and anti-CI-MPR followed by gold-conjugated secondary antibodies, or gold-conjugated protein A. To label endosomes, cultures were incubated with 6 nm BSA-gold for 2 hours prior to fixation.
In vivo glycosylation analysis
HEK293 cells were transfected using Lipofectamine 2000 (Invitrogen) with either mAtg9 HA tagged at the N-terminus (HAmAtg9), HAmAtg9/N99D,
